Novel genes that function in the conversion of indole-3-acetamide (IAM) into indole-3-acetic acid (IAA), which were previously thought to exist only in the bacterial genome, have been isolated from plants. The finding of the AtAMI1 gene in Arabidopsis thaliana and the NtAMI1 gene in Nicotiana tabacum, which encode indole-3-acetamide hydrolase, indicates the existence of a new pathway for auxin biosynthesis in plants. This review summarizes the characteristics of these genes involved in auxin biosynthesis and discusses the possibility of the AMI1 gene family being widely distributed in the plant kingdom. Its evolutionary relationship to bacterial indole-3-acetamide hydrolase, based on phylogenetic analyses, is also discussed.
Introduction
The plant growth-regulating substance proposed by Darwin in 1880 (Darwin and Darwin, 1880) was identified as indole-3-acetic acid (IAA) in the 1930s (Kö gl and Kostermans, 1934; Went and Thimann, 1937) and is now recognized as a representative compound of the phytohormone auxin. Many studies on auxin have been undertaken to elucidate its biological function, biosynthesis, metabolism, transport, and signal transduction pathway. Although auxin is well known to be involved in the regulation of plant growth and development, including cell division and elongation, differentiation, tropisms, apical dominance, senescence, abscission, and flowering (Woodward and Bartel, 2005; Teale et al., 2006) , the auxin biosynthetic pathway at the gene level has remained unclear. In this review, the presumptive pathways of auxin biosynthesis from tryptophan and the genes involved in the conversion processes are summarized. The existence of a new pathway for auxin biosynthesis in plants is proposed.
Presumptive pathways of auxin biosynthesis
Two major pathways for IAA biosynthesis have been proposed: the tryptophan (Trp)-dependent and Trpindependent pathways (Woodward and Bartel, 2005) . In Trp-dependent IAA biosynthesis, four pathways have been postulated in plants: (i) the indole-3-acetaldoxime (IAOX) to indole-3-acetonitrile (IAN) pathway; (ii) the IAOX to indole-3-acetaldehyde (IAD) pathway; (iii) the tryptamine (TAM) to IAD pathway; and (iv) the indole-3-pyruvic acid (IPA) to IAD pathway (Fig. 1) . Little is known regarding the genetic basis of the key enzymes involved in IAA biosynthetic pathways, and only a few genes have been identified in several plant families, such as CYP79B1-CYP79B3 involved in the conversion of Trp to IAOX through cytochrome P450 monooxygenase (Bak et al., 1998; Hull et al., 2000; Mikkelsen et al., 2000; Zhao et al., 2002; Naur et al., 2003) , NIT1 and NIT2 (IAN / IAA by nitrilase) (Normanly et al., 1997; Vorwerk et al., 2001; Park et al., 2003) , YUCCA (TAM / N-hydroxyl TAM by flavin monooxygenase) (Zhao et al., 2001 (Zhao et al., , 2002 Cheng et al., 2006 Cheng et al., , 2007 Yamamoto et al., 2007; Sugawara et al., 2009) , atAO and zmAO (IAD / IAA by aldehyde oxidase) (Sekimoto et al., 1997 (Sekimoto et al., , 1998 Akaba et al., 1999) , and TAA1 (Trp / IPA by aminotransferase) (Stepanova et al., 2008; Tao et al., 2008) (Fig. 1) . The CYP79B gene family has so far only been identified in Arabidopsis, Brassica napus, and Sinapis alba (Bak et al., 1998) , indicating that IAOX-dependent IAA biosynthesis is not a common, but is a species-specific, pathway in plants (Sugawara et al., 2009) .
The IAA biosynthetic pathway via indole-3-acetamide (IAM) was thought to be a bacteria-specific pathway because no evidence for this pathway had been found in plants. In this two-step reaction, Trp is first converted to IAM by the enzyme tryptophan-2-monooxygenase encoded by the aux1/iaaM/tms1 gene. In the second step, IAM is converted to IAA by indole-3-acetamide hydrolase encoded by the aux2/iaaH/tms2 gene (Fig. 1) . These genes have been cloned and characterized from various bacteria, e.g. Agrobacterium rhizogenes (Huffman et al., 1984; Thomashow et al., 1984; Offringa et al., 1986) , A. tumefaciens (Thomashow et al., , 1986 Sciaky and Thomashow, 1984; Schrö der et al., 1984) , Pseudomonas syringae (Yamada et al., 1985; Mazzola and White, 1994; Glickmann et al., 1998) , and Bradyrhizobium sp. (Sekine et al., 1989a, b) .
Auxin biosynthetic pathway via IAM in plants
In transgenic plants infected with A. rhizogenes, IAA is synthesized from Trp in a two-step reaction due to expression of the integrated genes aux1 and aux2 of the root-inducing (Ri) plasmid (Gaudin and Jouanin, 1995; Casanova et al., 2005) . Our finding that overexpression of the aux1 gene alone is sufficient to allow the rapid growth of tobacco (Nicotiana tabacum) Bright Yellow-2 (BY-2) cells in the absence of auxin (Nemoto et al., 2009a) , and that BY-2 cells can be grown in a medium containing IAM (Nemoto et al., 2009b) , led to the isolation of a novel gene from Nicotiana species (Nemoto et al., 2009b) whose product is functionally equivalent to that of the aux2 gene. Note that IAM is found in Arabidopsis seedlings at levels similar to that of free IAA (Pollmann et al., 2002) and found also in rice, corn, and tobacco (Sugawara et al., 2009 ). Thus, the AMI1 genes encoding indole-3-acetamide hydrolase were isolated from A. thaliana and N. tabacum, and named AtAMI1 (Pollmann et al., 2003) and NtAMI1 (Nemoto et al., 2009b) , respectively. The AMI1 protein is located in the cytoplasm (Pollmann et al., 2006) . The enzyme activity of AMI1 protein has been confirmed using the fusion protein expressed in Escherichia coli (Pollmann et al., 2003 (Pollmann et al., , 2006 Neu et al., 2007; Nemoto et al., 2009b) .
The NtAMI1 gene is 1278 bp, the same length as the AtAMI1 gene, and encodes a putative protein of 425 amino acids with a calculated molecular weight of 45.052 kDa (Accession no. AB457638). The nucleotide and amino acid sequences of NtAMI1 showed 64.0% and 64.4% identity to AtAMI1, respectively (Table 1 , 2). Transgenic BY-2 cells overexpressing NtAMI1 could grow in medium containing lower concentrations of IAM, whereas suppression of the NtAMI1 gene by RNA interference (RNAi) caused severe growth inhibition in medium containing IAM (Nemoto et al., 2009b) . These results clearly show that the AMI1 gene is expressed in plant cells and is required for the conversion of IAM to the auxin IAA involved in plant cell division.
Possibility of widespread distribution of the AMI1 gene family in the plant kingdom Homology searching is one of the most ubiquitous bioinformatic tasks. To examine the possibility that genes similar to NtAMI1 are widespread in the plant kingdom, the nucleotide sequence for the NtAMI1 coding region was submitted to DDBJ/GenBank/EMBL, and DNA alignment was determined by a FASTA search of all sequences, including the expressed sequence tag (EST) in the database. Sixteen sequences were found from the highest alignment scores obtained with a FASTA search, after excluding any redundancy caused by the same genes having different accession numbers (Table 1 ). There were no animal DNA sequences among the highest-scoring FASTA alignments. The two alignments for the moss Physcomitrella patens clones (Accession no. AY496564 and AY496563), whose products are the putative chloroplast envelope outer membrane protein Toc64, were excluded because moss is not a higher plant. The nucleotide sequences including the NtAMI1 gene were analysed for sequence divergences and phylogenetic relationships using the software GENETYX-MAC Ver.14.0.6 (GENETYX Co. Ltd., Japan). ClustalW and the Neighbor-Joining (NJ) method were used to construct a phylogenetic tree. Phylogenetic analysis with nucleotide sequences showed that the 16 sequences can be classified into three groups, AMI1, Toc64, and Toc64-like (Fig. 2) .
The NtAMI1 and AtAMI1 genes belong to the same group. This group was named 'the AMI1 gene family', in which many genes encoding indole-3-acetamide hydrolase appear to be included. The EST clone (Accession no. DB723045) of tomato, which, like tobacco, is in the Solanaceae, was nearest to NtAMI1 in the phylogenetic tree. In addition, EST clones of major crops such as a soybean, wheat, and corn were also found in this family. Since enzyme activity for hydrolysing IAM has been detected in Oryza sativa (Kawaguchi et al., 1991; Arai et al., 2004) , a full-length cDNA clone of rice (Accession no. AK243470) belonging to the AMI1 gene family may encode indole-3-acetamide hydrolase. Thus, the AMI1 gene is widespread in the plant kingdom, in both dicots and monocots.
AMI1 protein possessing an active catalytic serine residue in the amidase motif is completely different from the Toc64 protein
The phylogenetic tree generated with the above nucleotide sequences also shows that the AMI1 protein is evolutionally Conserved residues (present in more than 62.5% of the aligned sequences) are shaded in grey. An asterisk above the sequence shows the location of the active serine residue in the catalytic site of the amidase domain. The respective amino acid position is given on the left and right of each sequence. AA, amino acid length; MW, molecular weight. different from the translocon on the outer membrane of chloroplasts of the 64 kDa (Toc64) protein (Sohrt and Soll, 2000; Chew et al., 2004; Qbadou et al., 2007; Schlegel et al., 2007) , which is an integral membrane protein of the outer envelope of chloroplasts and mitochondria that consists of an inactive amidase domain (Sohrt and Soll, 2000; Kalanon and McFadden, 2008 ) and a C-terminal tetratricopeptide repeat (TPR) motif (Sohrt and Soll, 2000; Lee et al., 2004; Schlegel et al., 2007; Kalanon and McFadden, 2008) (Fig. 3A) . Although AMI1 and Toc64 have high homology at the nucleotide sequence level (Table 1) , the Toc64 protein does not have amidase activity (Sohrt and Soll, 2000) and also contains an N-terminal transmembrane region that is essential and sufficient for targeting to chloroplasts (Sohrt and Soll, 2000; Qbadou et al., 2007; Kalanon and McFadden, 2008) (Fig. 3A, B) . Since the AMI1 protein does not have both a transmembrane domain at the Nterminus and a protein-protein interaction domain such as TPR motifs at the C-terminus, it has a lower molecular weight than the Toc64 protein (Fig. 3B, C) . Figure 3C shows a multiple sequence alignment of the amidase motif among the deduced amino acid sequences listed in Table 1 . All proteins belonging to the AMI1 gene family contain an active catalytic serine residue in the amidase consensus sequence motif, but the serine residue is replaced by different amino acids, glycine (G), cysteine (C), or aspartic acid (D) in proteins belonging to the Toc64 and Toc64-like gene families (Fig. 3C) . The genes annotated as 'putative amidase' with the TPR domain in rice (Accession no. AK069965) and corn (Accession no. EU957983) can be regarded as the Toc64 gene family. 
Evolutionary relationship between plant and bacterial indole-3-acetamide hydrolases
The AMI1 protein possessing an active catalytic serine residue in the amidase motif is possibly indole-3-acetamide hydrolase. To examine the homology between plant and bacterial indole-3-acetamide hydrolases, the amino acid sequence for the NtAMI1 protein was submitted to DDBJ/ GenBank/EMBL, and amino acid sequence alignment was determined by a FASTA search of all sequences in the database. Eight sequences in plants were found from the highest alignment scores obtained with a FASTA search, after excluding the Toc64 protein family and any redundancy caused by the same proteins having different accession numbers (Table 2 ). Since there were no bacterial amino acid sequences among the highest-scoring FASTA alignments, a keyword search for 'indole-3-acetamide hydrolase' was performed in the PubMed database to obtain 12 sequences in bacteria. Values of similarity and identity were obtained using the global homology search of GENETYX-MAC Ver.14.0.6 program ( Table 2 ).
The NtAMI1 protein shows high similarity (more than 88.7%) and high identity (more than 54.5%) at the amino acid level to other AMI1 proteins. Although the sequence of the NtAMI1 protein shows 69.6% similarity to indole-3-acetamide hydrolase encoded by the aux2 gene of the Ri plasmid (Accession no. DQ782955), there is only 23.4% identity between the two proteins (Table 2) . To examine the evolutionary relationship between plant and bacterial indole-3-acetamide hydrolases, a phylogenetic tree was constructed using ClustalW and the NJ method (Fig. 4A ). Phylogenetic analysis with amino acid sequences shows that the 20 sequences can be classified into two groups, plant AMI1 and bacterial enzyme. The plant indole-3-acetamide hydrolase group is phylogenetically distantly related to the bacterial indole-3-acetamide hydrolase group (Fig. 4A) . The T-DNA-encoded enzyme, expressed under the control of its own eukaryotic promoter in plants, is phylogenetically close to the bacteria-producing enzyme expressed under the control of the prokaryotic promoter. Figure 4B shows a multiple sequence alignment of plant and bacterial indole-3-acetamide hydrolases around the amidase motif. All proteins belonging to the AMI1 family and bacterial indole-3-acetamide hydrolase contain an active catalytic serine residue in the amidase consensus sequence motif. Amino acid sequences around the catalytic site is well conserved between the higher plant and the bacterial enzyme. The phylogenetic tree and the multiple sequence alignment generated with the amino acid sequences show that the AMI1 protein is evolutionally related to bacterial indole-3-acetamide hydrolase.
Conclusions and perspectives
Biochemical and molecular biological findings and bioinformatic studies indicate that the AMI1 gene family encoding indole-3-acetamide hydrolase is widespread in the plant kingdom. The AMI1 protein functions in the biosynthesis of auxin IAA in plants. IAM added to the medium can be incorporated into plant cells, followed by conversion to IAA. The important substance IAM is itself found in plants, but how it is synthesized is controversial. To elucidate the molecular mechanism of IAM biosynthesis and regulation, the gene that functions in this biosynthetic pathway must be identified. By isolating the IAM synthesis gene, the auxin biosynthetic pathway will be completed, and the relevance of the presence of IAM will be understood. A control mechanism in auxin biosynthesis is also expected to become clear by analysing the expression of the IAM synthesis gene together with that of the AMI1 gene.
